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ABSTRACT 
 
Improving the hydraulic performance of waste stabilization ponds (WSPs) is an 
important management strategy to not only ensure protection of public health and the 
environment, but also to maximize the potential reuse of valuable resources found in the treated 
effluent. To reuse effluent from WSPs, a better understanding of the factors that impact the 
hydraulic performance of the system is needed. One major factor determining the hydraulic 
performance of a WSP is sludge accumulation, which alters the volume of the pond.  
In this study, computational fluid dynamics (CFD) analysis was applied to investigate the 
impact of sludge layer geometry on hydraulic performance of a facultative pond, typically used 
in many small communities throughout the developing world. Four waste stabilization pond 
cases with different sludge volumes and distributions were investigated.  
Results indicate that sludge distribution and volume have a significant impact on 
wastewater treatment efficiency and capacity. Although treatment capacity is reduced with 
accumulation of sludge, the latter may induce a baffling effect which causes the flow to behave 
closer to that of plug flow reactor and thus increase treatment efficiency. In addition to sludge 
accumulation and distribution, the impact of water surface level is also investigated through two 
additional cases. Findings show that an increase in water level while keeping a constant flow rate 
can result in a significant decrease in the hydraulic performance by reducing the sludge baffling 
effect, suggesting a careful monitoring of sludge accumulation and water surface level in WSP 
systems.  
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CHAPTER 1: INTRODUCTION1 
 
Wastewater stabilization ponds (WSPs) are a widely used and economically viable 
wastewater treatment technology (Mara, 2004) that are critical for sanitation provision 
throughout the world.   Importantly this technology may be more sustainable than mechanized 
methods of wastewater treatment (Muga & Mihelcic, 2008) and can be readily integrated with 
agricultural water reuse to improve food security, especially for smaller cities facing increasing 
population and urbanization (Verbyla et al.., 2013a). In addition, such an approach can offset the 
negative impacts of eutrophication while recovering valuable nutrients required for crop growth 
(Cornejo et al.., 2013).  
However, there are challenges in managing a WSP associated with parasite, bacteria, and 
virus removal (e.g., Verbyla et al., 2013b; Verbyla & Mihelcic, 2015). The level of pathogen 
removal is highly dependent on the hydraulic performance of a WSP (Verbyla & Mihelcic, 
2015), which also affects water quality parameters associated with suspended solids (SS) and 
biochemical oxygen demand (BOD) (Lloyd et al., 2003; Nelson et al., 2004; Verbyla et al., 
2013a). Therefore, improving the hydraulic performance of a WSP is an important management 
strategy for not only ensuring protection of public health and the environment, but also in 
maximizing the potential to reuse the treated effluent. 
                                                     
1 Portions of this chapter have been accepted for publication in Water Research, Volume 99, 1 
August 2016, Pages 253-262 (Ouedraogo et al., 2016), and have been reproduced with 
permission from Elsevier B.V. 
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Various mathematical models have attempted to analyze and optimize wastewater 
treatment systems. Early studies on hydraulic performance of WSPs mainly employed reduced 
order models, such as the completely mixed flow reactor (Ferrara & Harleman, 1981; Mayo, 
1995), ponds-in-series models (Canale et al., 1993), and dispersion models (Polprasert & 
Bhattarai, 1985). However these models are unable to capture flow structures, such as dead 
zones and short-circuiting, resulting in less than optimal accuracy in predicting residence time 
distribution and hydraulic performance. The rapid advance of computer technology has allowed 
computational fluid dynamics (CFD) to be applied to wastewater treatment. CFD models have 
been successfully applied for analysis and optimization of the hydraulics of WSPs in previous 
studies (Wood et al., 1995; Wood et al., 1998; Peterson et al., 2000; Salter et al., 2000; Shilton, 
2000; Vega et al., 2003; Karteris et al., 2005; Sweeney et al., 2005; Verbyla et al., 2013b). 
Nonetheless, predictions of CFD models on full-scale pond systems may be inaccurate due to 
limited consideration of the physical conditions encountered in the field.  
Although sludge accumulation is crucial to long-term maintenance of WSPs (Oakley et 
al., 2012), only a few studies have incorporated sludge accumulation into CFD analysis 
(Murphy, 2012; Alvarado et al., 2012). Murphy (2012) and Alvarado et al. (2012) found that 
sludge distribution or geometry influences hydraulic performance. For example, the hydraulic 
performance in a wastewater stabilization pond when sludge is mostly deposited near the edges 
(e.g. Murphy, 2012) differs from the hydraulic performance when an equal volume of sludge 
accumulates mainly near the inlet or inflow (e.g. Alvarado et al., 2012).  
Murphy (2012) also demonstrated that sludge surface roughness affects hydraulic 
efficiency of a pond by changing dispersion. Alvarado et al. (2012) found that sludge 
accumulation patterns and velocity profiles are interrelated and directly affect pond hydraulic 
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performance. However, in-depth quantification of how advective transport and associated flow 
patterns such as short-circuiting and dead zones are affected by sludge accumulation and alter the 
WSP hydraulic performance is needed. In a WSP integrated with downstream beneficial reuse of 
water and embedded nutrients, the pond effluent is allowed to enter an irrigation system. 
Changes in the operation of the system may cause a water surface level increase in the pond, 
which can also affect the hydraulic performance (Mercado et al., 2013). Physical understanding 
and quantification of the effect of water surface level on the hydraulics is needed.  
Accordingly, the objective of this study is to investigate, for the first time, the impact of 
different sludge volume and accumulation patterns in conjunction with changes in water surface 
elevation on the advective transport and the hydraulic performance of a WSP. Normally, in a 
WSP, changes in water surface elevation are accompanied by changes in flow rate. However, in 
the present study, CFD simulations with various water surface elevations were performed with a 
fixed flow rate in order to isolate (highlight) the effect of the former on hydraulic performance.  
A community managed wastewater stabilization pond in rural Bolivia was selected for 
this study, which is representative of a WSP utilized in a developing country. Flow and tracer 
transport simulations were conducted for this pond using a numerical solver of the three-
dimensional Reynolds-averaged Navier-Stokes equations (RANS). Sludge geometry as well as 
pond geometry and water flow parameters obtained in the field were used to model the pond.  
The RANS solver was then used to predict the hydraulic performance of the WSP under 
future sludge accumulation scenarios. Numerical tracer studies on the pond with measured and 
potential future sludge layer geometries were conducted to analyze the impact of sludge 
geometry on the hydraulic performance of the WSP and to establish the importance of short and 
long term monitoring of WSPs.  
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Numerical tracer studies were also conducted with two different water surface elevations 
to determine the impact of the surface level change on hydraulic performance of the pond. It was 
found that sludge build-up in the interior of the pond away from walls towards the inflow, diverts 
the flow laterally essentially serving as a baffle and causing the flow to behave closer to a plug 
flow reactor in some of the cases studied, ultimately increasing hydraulic efficiency relative to 
the pond with no sludge. An increase in water surface elevation decreases the baffling effect of 
the sludge by allowing short-circuiting flow over the sludge.   
The CFD analysis of the WSP in Bolivia offers a case study of the effects of sludge 
accumulation and water surface level change on pond hydraulic performance This is important 
because WSPs are non-ideal reactors; thus, the creation of short circuits and dead zones can have 
a large influence on pathogen removal (Verbyla & Mihelcic, 2015), which is critical for 
performance, whether the pond is managed only for treatment or is integrated with a strategy of 
resource recovery and reuse.   
Furthermore, WSP operators generally argue that sludge accumulation is damaging 
because it reduces available pond volume and thus treatment capacity, as well as hydraulic 
efficiency. Reduction in hydraulic efficiency would be expected given that a reduction in 
available pond volume can lead to a reduction of the theoretical residence time calculated as 
𝜏 =volume/flow rate. The validity of this argument will be examined via the CFD analysis 
presented here, especially in light of the potential baffling effect induced by the sludge as 
described above. 
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CHAPTER 2: METHODOLOGY2 
2.1 Waste Stabilization Pond Description  
The wastewater stabilization pond system of focus here was designed to serve a 
population of 420 people in 2006 and served 780 people in 2012. The system consists of a 
facultative pond followed by two maturation ponds, and is representative of a community 
managed WSP system commonly found in the developing world (Cornejo et al., 2013). There are 
no baffles designed into this system to direct pond influent or effluent. Details on sludge 
accumulation, water quality (e.g., pathogen, nutrient, TSS, and BOD removal), life cycle cost, 
and life cycle impacts (e.g., carbon footprint, embodied energy, and eutrophication potential) can 
be found in previous studies (Fuchs & Mihelcic, 2011; Verbyla et al., 2013a; Cornejo et al., 
2013; Symonds et al., 2014). Lizima (2012) and Verbyla et al.. (2013a,b) have performed a study 
of this system that included the measurement of sludge accumulation at the bottom of the pond; 
this information on sludge accumulation is incorporated in the model development of the present 
study.  
2.2 Modelling Approach  
The CFD methodology employed is based on the RANS equations and is a common and 
proven accurate approach for modeling flow in water and wastewater treatment (Alvarado et al., 
2012; Zhang et al., 2013a, b; Zhang et al., 2013; Zhang et al., 2014a,b). In this approach, the 
                                                     
2 Portions of this chapter have been accepted for publication in Water Research, Volume 99, 1 
August 2016, Pages 253-262 (Ouedraogo et al., 2016), and have been reproduced with 
permission from Elsevier B.V. 
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mean flow is computed explicitly and the unresolved turbulence is modeled or parameterized. 
The RANS turbulence model used in this study is the well-known k-ε (k-epsilon) model equipped 
with standard wall functions (Wilcox, 2004). In order to analyze characteristic residence times, a 
passive tracer study was performed using the RANS flow solution. The turbulent Schmidt 
number denoting the ratio of turbulent viscosity of the flow to turbulent diffusivity of the tracer 
was set to 0.7, similar to other studies (Launder, 1978; Zhang et al., 2014a). 
Figure 1A provides the dimensions of the WSP modeled. A fixed flow rate boundary 
condition was used for the inflow at the inlet (see Figure 1A). That is, the volumetric flow rate at 
the inlet was fixed as 66 m3/day, which is an average flow rate measured in the field by Lizima 
(2012) and Verbyla et al.. (2013a,b). This flow rate corresponds to a theoretical residence time of 
27.6 days (volume of pond/flow rate). Once the steady state RANS solution of the flow was 
computed, the scalar advection-diffusion transport equation for the passive tracer was solved 
using the flow velocity. The numerical tracer study was conducted by initially releasing a tracer 
with concentration 𝐶 = 1 (g/L) at the inlet over a 1020-second or 17-min period which is about 
0.04% of the theoretical residence time. At the outlet of the pond, the sidewalls and the bottom, 
the normal gradients of 𝐶 were set to zero indicating zero diffusive flux across these boundaries. 
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.  
Figure 1 (A) Pond in 2006 with no sludge. Pond length is 46 m, width is 23.9 m and height is 
1.8m; the inlet and outlet cross-sectional areas are 0.25 m2 each. (B) Computational domain 
based on sludge profile physically measured in 2012 (Case II). (C) Close up view of inlet and 
sludge. (D) Corresponding computational mesh consisting of tetrahedral elements. 
2.3 Hydraulic Performance Evaluation Factors  
In analyzing results from the tracer transport simulation, the theoretical residence time, 
the mean residence time (MRT), the short-circuiting index 𝑆 (Persson, 2000), the moment index 
(Wahl et al., 2010), and the relative moment index (Murphy, 2012) were used. Please refer to 
Teixeira & Siqueira, 2008 for further details. The short-circuiting index is defined as  
𝑆 =
𝑡16
𝜏
                                                                             (1) 
where 𝜏 is the theoretical residence time and 𝑡16 denotes the time it takes for 16 percent of the 
tracer injected at the inlet to exit the pond. The intensity of short-circuiting decreases with 
increasing value of 𝑆. A value of 𝑆 equal to 1.0 corresponds to an ideal plug flow reactor (PFR) 
and thus no short-circuiting occurring within the pond. Moment analysis of the normalized 
residence time distribution (RTD) is a tried and tested technique used to describe the distribution 
(Kadlec & Knight, 1996; Werner & Kadlec, 1996; Holland et al., 2004; Min & Wise, 2009; cited 
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in Wahl et al., 2010). Unlike the short circuiting index, the moment index is not greatly 
dependent on the parcel of tracer exiting the pond fastest. Rather, it is more representative of the 
overall shape of the RTD curve without being heavily affected by the RTD long tail, which can 
lead to over-prediction of the residence time (Wahl et al., 2010). The moment index is defined as  
                                        𝑀𝑜𝑚𝑒𝑛𝑡 𝑖𝑛𝑑𝑒𝑥 =  1 − ∫ (1 − 𝜃)
1
0
𝐹(𝜃)𝑑𝜃                                        (2) 
where 𝐹(𝜃) is the cumulative residence time distribution function.  
      𝐹 (𝜃) = ∫
𝐶𝑡
𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙
1
𝜏
𝑑𝑡
𝑡=𝜏
𝑡=0
                                                                    (3) 
where 𝐶𝑡 is the tracer concentration at time t and 𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the nominal tracer concentration 
defined as 
 𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
𝑡𝑟𝑎𝑐𝑒𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × 𝑡𝑟𝑎𝑐𝑒𝑟 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑡𝑖𝑚𝑒
𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑡𝑖𝑚𝑒
                                (4) 
The relative moment index is derived from the moment index while incorporating the decrease in 
water volume capacity as a result of sludge accumulation: 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑀𝑜𝑚𝑒𝑛𝑡 𝑖𝑛𝑑𝑒𝑥 =  𝑀𝑜𝑚𝑒𝑛𝑡 𝑖𝑛𝑑𝑒𝑥 ×
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
               (5) 
The moment index and the relative moment index are directly proportional to the pond hydraulic 
efficiency while the relative moment index also takes into account the reduction in pond volume 
and thus reduction in treatment capacity. 
2.4 Sludge Geometry Approach Cases  
In order to project sludge accumulation in the pond, an empirical method (Oakley, 2005) 
was utilized. This method predicts the annual volume of sludge (𝑉𝐿 in m
3/year) as 
𝑉𝐿 = 0.00156 × 𝑄𝑎𝑣 × 𝑆𝑆                                                                        (6) 
where 𝑄𝑎𝑣 is the average flow rate in m
3/day and 𝑆𝑆 is suspended solids in the influent in mg/L. 
In the present study, the value of  𝑆𝑆 measured in 2012 was 242 mg/L (Verbyla et al., 2013a) and 
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was assumed to have remained constant from 2006 through 2016. The annual average flow rate 
𝑄𝑎𝑣 was computed taking into account future growth in population according to the Malthus 
exponential model (Brauer & Castillo-Chávez, 2011). Based on the previously described 
methods, the prediction for the sludge volume accumulated between 2006 (when the  pond had 
no sludge) and 2012 given by equation eqn. (6) was 164 m3, which is approximately 6.5% higher 
than the physically measured data (Lizima, 2012). Thus this method is seen to lead to good 
predictions of future sludge accumulations.  
Note that following the Mathus exponential model, the average annual flow rate increases 
in proportion to population over the years as was considered for the calculation of accumulated 
sludge volume 𝑉𝐿, previously described. However, for all CFD simulations performed the flow 
rate was taken to be constant (66 𝑚3/𝑑𝑎𝑦) in order to isolate sludge and water surface elevation 
effects on hydraulic performance.  
Four simulation cases, described in Table 1, were developed to analyze sludge geometry 
effects. Case I corresponds to the WSP in 2006 when it was newly built and thus had no sludge. 
Case II corresponds to the WSP in 2012 with sludge volume and distribution measured by 
Lizima (2012). Using the sludge volume equation of Oakley (2005) (i.e. equation (6)) along with 
the Malthus population growth model as described earlier, the sludge volume for 2016 was 
estimated as 326 m3. Two different sludge layer geometries or distributions for the 2016 sludge 
volume (to be denoted as Cases III and IV) were considered following two assumptions: 1) the 
first assumption is that the increment of sludge volume from 2012 to 2016 will mostly 
accumulate on top of the existing sludge. The height of sludge in this scenario is assumed to 
increase uniformly by the same percentage everywhere (Case III); 2) the second assumption is 
that the incoming sludge deposits primarily in the flat area of the pond (Case IV). In this 
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scenario, the peak sludge elevation is the same as in Case II and not as high as in Case III (see 
Figure 2). The assumed sludge accumulation geometries represent two extreme situations, where 
the actual sludge layer geometry should be an intermediate between these two distribution 
conditions.  Finally note that the water surface elevation for the previously described cases (I-IV) 
was kept constant (see Table 1). 
 
Figure 2 Comparison of the sludge profiles on x-z plane at mid-span of the pond for cases I-IV. 
Case I corresponds to the WSP with no sludge (2006). Case II corresponds to the field 
measurements of Lizima, 2012 and Case III & IV correspond to projected sludge accumulations 
in 2016. 
Table 1 Water volumes, sludge volumes and water surface elevations for Cases I-IV, IIIA and 
IVA. 
Cases 
Sludge Volume 
(m3) 
Water Volume 
(m3) 
Water Surface Elevation 
(m) 
Case I 0 1979 1.8 
Case II 154 1815 1.8 
Case III 326 1643 1.8 
Case IV 326 1643 1.8 
Case IIIA 
  
326 1815 1.944 
Case IVA 326 1815 1.944 
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2.5 Pond Surface Water Level Approach and Cases  
In order to investigate effects of changes in water surface level, two approaches at setting 
the surface level for 2016 scenarios are followed. The sludge and water volumes measured in the 
field in 2012 by Lizima are used as reference to set the water volume and associated water 
surface levels. The water volume in 2012 was taken to be the total pond volume minus the sludge 
volume measured in the field. In one approach the water surface level for 2016 scenarios was set 
equal to the surface level measured in 2012 (1.8 m from the lowest point of the bottom of the 
pond), corresponding to Cases III and IV in Table 1. In the second approach the water surface 
level for 2016 scenarios was selected to preserve the 2012 measured water volume; this 
corresponds to cases IIIA and IVA in Table 1. This table shows the water volumes, sludge 
volumes and corresponding water surface levels for all cases. Note that Cases III and IIIA have 
the same sludge volume and distribution and the only difference in these simulation cases is in 
the water surface level. The same can be stated for Cases IV and IVA. 
2.6 Mesh and Numerical Tool  
As measured by Lizima (2012) the dimensions of the computational WSP are taken as 46 
m × 23.9 m × 1.8 m (length × width × depth). Water is directed into and out of the pond via 2 
underground pipes (one at the inlet and another at the outlet) at a depth of 0.69 m below the 
water surface with equal and square inlet and outlet openings of 0.25 m2. The computational 
domain based on these dimensions along with the bottom sludge layer also measured by Lizima 
(2012) in 2012 is shown in Figure 1 (panels A, B and C). Based on grid independence studies 
(described further below), the total number of tetrahedral cells for the computational model of 
the previously described pond geometry was taken to be approximately 0.8 million and is shown 
in Figure 1C. This computational grid was refined near the walls, sludge and inlet/outlet so as to 
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adequately resolve sharp gradients in velocity expected in these regions. Similar grids were used 
to simulate the various scenarios with different sludge geometries and water elevations described 
earlier. The RANS solver employed well-known finite volume discretization techniques in 
OpenFOAM (2011) 
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CHAPTER 3: RESULTS AND DISCUSSION3 
3.1 Grid Refinement Study  
A grid refinement study is a common technique in the CFD domain for determining 
the dependence of results on grid size and thus on discretization (numerical) error. The present 
grid refinement study was comprised of four grids for the WSP for Case II from relatively fine to 
coarse grids: 0.8 million elements, 0.4 million elements, 0.1 million elements and 0.05 million 
elements. Figure 3 shows RTD of the passive tracer obtained on all 4 grids. Minor differences 
can be seen between results on the 0.4 and 0.8 million element grids, indicating that the 0.8 
million element mesh is sufficient for nearly grid independent results. 
 
Figure 3 Grid convergence study for Case II. 
                                                     
3 Portions of this chapter have been accepted for publication in Water Research, Volume 99, 1 
August 2016, Pages 253-262 (Ouedraogo et al., 2016), and have been reproduced with 
permission from Elsevier B.V. 
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Note that RTD data measured in the field by Lizima (2012) has been deemed under-
sampled for comparison with the current computations, and thus such a comparison is not 
presented. However, note that the CFD model used here has been validated in terms of RTD for 
other flow configurations (or geometries) for which fully resolved experimental RTD data is 
available such as flows in baffled and column contactors (Zhang et al.. (2013a) and Zhang et al.. 
(2014a,b)). These validation studies have shown that the present numerical model is able to 
predict RTDs in excellent agreement with laboratory and field measured data. In some of these 
cases the complex flow geometry has produced richer flow structures than in the WSP of the 
current study, leading to the conclusion that results for the present WSP are robust. 
3.2 Impact of Sludge Layer Geometry on Hydraulic Performance  
Next, results from flow and tracer transport simulations are presented for Cases I-IV 
described earlier through Table 1 and Figure 2.  
Figure 4 shows water flow speed contours on x-y (horizontal) planes at the water surface 
(A, B, C, D) and at depth of 0.69 m (E, F, G, H) from the water surface for Cases I-IV. Note that 
the 0.69 m depth corresponds to the depth of the inlet and outlet of the pond for the four cases. 
At 0.69 m depth (Figures 4E-H), a high-speed jet can be observed originating from the inlet in all 
four scenarios, as expected. However, the sludge accumulation in Cases II, III and IV obstructs 
the path of the jet forcing it to flow laterally around the sludge and vertically over the sludge. 
The lateral re-direction of the jet caused by the sludge can be considered analogous to the lateral 
re-direction of the flow caused by baffles in a baffled reactor. As will be quantified further below 
via numerical tracer studies, this baffling effect caused by the sludge for certain sludge 
accumulation patterns, such as that in Case III, can enhance the hydraulic efficiency of the pond 
relative to the no-sludge scenario (Case I). 
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Figure 4 Water flow speed contours for Cases I-IV on x-y (horizontal) planes at depth = 0 m 
(corresponding to the water surface) and depth = 0.69 m below the water surface (at the depth of 
the inlet). The sludge accumulation is color-coded gray.  
In Case III, the jet emanating from the inlet is primarily forced to change direction 
laterally around the sludge whereas the jet in Cases II and IV is primarily forced to change 
direction vertically over the sludge. The reason for this is that the sludge peak (or maximum 
height) in Case III reaches closer to the water surface than in the other cases extending over 90% 
of the total depth of the pond. This difference between the jet paths caused by the various sludge 
scenarios can be seen at depth = 0.69 m by comparing Figures 4F, 4G and 4H. Here it can be 
seen that flow speeds are greater around the sludge in Case III, indicative of the jet bending 
around this obstacle. In Cases II and IV, rather than bending around the sludge, the jet travels 
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over the sludge and out of view from the plane at 0.69 m depth shown in Figs. 4F and 4H. After 
the jet goes over the sludge it goes back down and into view of the 0.69 m depth plane as also 
seen in Figs. 4F and 4H.  As a result, in Cases II and IV, the flow is not seen to be as intensified 
around the sludge at this depth compared to Case III. It may be concluded that the baffling effect 
induced by the sludge is greater in Case III compared to Cases II and IV. A greater baffling 
effect in Case III is expected to give rise to greater hydraulic efficiency, as will be shown further 
below in terms of  tracer studies and associated residence time characteristics. 
Although the jets in Cases II-IV are obstructed by the sludge, they still travel for a certain 
distance at a relatively high speed compared to the jet in Case I for which no sludge layer is 
present. Similar high-speed jet flows can be observed in all four cases at the water surface 
(Figures 4A-D). The high-speed jet flow in all cases establishes a highway from inlet to outlet 
resulting in what is often referred to as short-circuiting. This so-called highway or short-circuit 
may be observed in terms of flow streamlines in Figure 5. The high-speed jet can transport 
particles, such as dye tracer, suspended solids and pathogens, much faster than the flow in other 
parts of the pond, serving as a detriment to the hydraulic efficiency of the pond.  
Comparing Figures 4A and B, it can be observed that the surface jet flow in Case II 
(Figure 4B) is more intense than that in Case I (Figure 4A). The accumulated sludge in Case II 
effectively reduces the cross-sectional area through which the near-surface flow travels, 
ultimately enhancing the surface jet relative to the no-sludge scenario (Case I) consistent with 
Bernoulli’s principle and conservation of mass.  
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Figure 5  Streamlines superimposed with flow speed contours for different sludge accumulation 
scenarios viewed from above the pond (top view) for Case I (panel A), Case II (B), Case III (C) 
and Case IV (D). 
Figures 4B, 4D, 4F and 4H demonstrate that the jet path in Case IV is similar to that in 
Case II. Recall that the sludge layer in Case IV has the same peak elevation as that in Case II but 
an overall increased sludge volume (see Figure 2). As seen through Figures 4B and 4D, the 
difference in the surface flow between Cases II and IV is that in the former, the jet is more 
damped after passing over the sludge. This suggests that the short-circuiting in Case IV is 
stronger than that in Case II, as will be confirmed further below. The greater short-circuiting in 
Case IV compared to Case II may be ultimately attributed to conservation of mass as both cases 
have the same flow rate with Case IV having the smaller water volume due to its greater amount 
of sludge.  
Figure 6A-L (upper 4 rows of panels) provides snapshots of tracer concentration on the x-
y (horizontal) plane at 0.69 m depth at 0.5, 2.0, and 4.0 days after initial tracer release for Cases 
I-IV. Recall that the tracer is initially released with concentration 𝐶 = 1 (g/L) at the inlet for a 
17-min period. At 0.5 day after initial release, the concentrated tracer patch is broken up by the 
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sludge for Cases II, III and IV.  At 2.0 days after the initial release, the tracer in Case IV has 
already reached the outlet, ahead of the tracer in Cases II and III. This is consistent with Figure 4 
and the associated discussion earlier describing the greater short-circuiting at the surface in Case 
IV compared to Case II.  
 
 
 
Figure 6 Snapshots of normalized tracer transport on the x-y (horizontal) at different times (t = 
0.5, 2.0, and 4.0 days). Panels A-L are at the depth 0.69m (inlet location) the sludge 
accumulation is color-coded gray; and M-X are at the water surface. 
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The residence time distributions (RTDs) predicted by the simulations for Cases I-IV are 
compared in Figure 7. A primary peak can be found in all four curves. The time at which the 
primary peak occurs is mainly determined by the intensity of short-circuiting. For example, 
occurrence of the RTD primary peak at earlier times corresponds to more intense short-
circuiting. In Figure 7, it can be seen that Case IV possesses the strongest short-circuiting 
(consistent with earlier analysis), the short-circuiting in Cases I and II is almost identical and 
Case III has the weakest short-circuiting.   
 
Figure 7 Comparison of residence time distribution (RTD) curves for Cases I-IV.  
 
The short-circuiting indices (𝑆) for the four cases are calculated from Figure 7 and are 
listed in Table 2. The short-circuiting index S is inversely proportional to the strength of short-
circuiting and thus proportional to hydraulic efficiency. As expected from previous analysis, S is 
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smallest for Case IV with a value of 0.07. Furthermore, the value of S ascends going in the 
following order: Case IV (lowest), II, I, III (highest).  
The initial pond in 2006 with no sludge (Case I) has a short-circuiting index of 0.089. 
Sludge accumulation by 2012 (Case II) causes the index to drop to 0.075 indicating an increase 
in short circuiting. In particular, this drop is attributed to the emergence of a strong jet over the 
sludge, as previously observed in terms of flow speed contours in Figure 4. Between 2012 (Case 
II) and 2016 under Case III there is sludge build up in such a way that the sludge baffling effect 
(described earlier) increases the short circuiting index from 0.075 to 0.118 (i.e. reducing the 
strength of short-circuiting). However, between 2012 (Case II) and 2016 under Case IV, the 
sludge build up is such that the sludge baffling effect is not enhanced as the index of Case IV is 
0.07, the worst (lowest) of all 4 cases. The previous observations about Cases II, III, and IV are 
consistent with their mean residence times of 21.89 days, 24.86 days and 20.36 days, 
respectively.  
Given that Cases III and IV have the same amount of sludge, it can be concluded that 
sludge shape (geometry) plays an important role in determining the hydraulic efficiency of the 
pond.  Sludge deposited that reaches closer to the surface of the water creates a greater baffling 
effect that increases the residence time and thus the hydraulic efficiency of the pond (such as in 
Case III). In contrast, the same volume of sludge spread more uniformly throughout the bottom 
of the pond reduces hydraulic efficiency (such as in Case IV).    
Although the sludge build up may seem beneficial in Case III, an increase in sludge 
reduces the water volume treatment capacity of the pond. This is reflected through the higher 
relative moment index for Case I (0.854) compared to Case III (0.606) in Table 2. Thus, there is 
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a trade-off between the gain in hydraulic efficiency and loss in water treatment capacity for Case 
III compared to Case I when no sludge is present.  
Table 2 Comparison of treatment efficiency indices and residence times for Cases I-IV. 
Cases  S 
Theoretical 
residence time 
𝝉 
CFD-predicted 
mean residence 
time ?̅? 
Moment 
Index 
Relative 
Moment Index 
Case I 0.089 29.98 22.93 0.854 0.854 
Case II 0.075 27.65 21.89 0.781 0.720 
Case III 0.118 25.04 24.86 0.7998 0.606 
Case IV 0.07 25.04 20.36 0.7994 0.606 
 
Overall, these findings have demonstrated that sludge distribution and volume have a 
significant impact on wastewater hydraulic efficiency. Although treatment capacity is reduced 
with accumulation of sludge, the latter may induce a baffling effect that can increase hydraulic 
efficiency. As shown by Murphy (2012), sludge roughness has an impact on hydraulic 
performance via dispersion. The present study demonstrates how the bulk sludge accumulation 
can also have an impact via advection by re-directing the flow and potentially inducing a baffling 
effect. 
3.3 Impact of Water Surface Level Change on Hydraulic Performance  
Results from flow and tracer transport simulations are based on the two approaches 
discussed earlier for setting the surface water level (see Table 1). In the first approach the water 
surface level for 2016 simulations (in Cases III and IV) was set equal to the water surface level 
of Case II corresponding to the Lizima (2012) field measurements. In the second approach, the 
surface water levels for 2016 simulations (in Cases IIIA and IVA) were set to maintain the same 
water volume measured in the field by Lizima (2012). Thus Cases III and IIIA have the same 
sludge distribution, but different water surface levels. The same applies for Cases IV and IVA. 
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For each of these cases, three snapshots of the tracer concentration at the surface of the pond 
t=0.5 day, t=2 days and t=4 days (after release of the tracer) are plotted in Figure 6M-X (lower 
four rows of panels). 
Comparing Case III with Case IIIA or IV with IVA, major differences in flow patterns at 
the surface and ultimately in residence times are noted due to changes in water surface elevation. 
For example, at time t=0.5 day for Case IIIA (Figure 6P) the tracer route is partially obstructed 
by the sludge. In this simulation, although the sludge still acts like a baffle as described earlier, 
the increase in water surface level (compared to Case III in Figure 6M-O) allows part of the 
tracer to flow over the top of the sludge following a more direct route to the outlet. This more 
direct route results in greater short-circuiting. In Case III (Figure 6M-O), the baffling effect of 
the sludge is greater compared to Case IIIA (Fig. 6P-R) as a greater amount of the tracer is 
diverted by the sludge and redirected towards the sidewalls of the pond in the former simulation. 
Similar conclusions can be made comparing Cases IV and IVA in Figure 6S-X. At time t=2 days 
after the release of the tracer, Cases IIIA and IVA (panels 6Q and 6W) show that a majority of 
the tracer has exited the pond compared to Cases III and IV (panels 6N and 6T), consistent with 
the greater short-circuiting induced by the higher water surface elevation in IIIA and IVA.   
Short-circuiting indexes are listed in Table 3. In Case IIIA, the short-circuiting index is 
less than in Case III (0.066 compared with 0.118), thus stronger short-circuiting occurs in the 
former simulation, as previously concluded. Analogous results are observed when comparing 
Cases IV and IVA with the short-circuiting indexes of 0.07 for Case IV and 0.05 for Case IVA 
(higher water surface elevation).  
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Table 3 Comparison of short-circuiting indices in Cases III, IV, IIIA and IVA 
Cases Short Circuiting Index Water Surface Level (m) 
Case III 0.066 1.8 
Case IIIA 0.118 1.95 
Case IV 0.05 1.8 
Case IVA 0.07 1.95 
 
Overall, it is seen that an increase in water surface elevation can diminish the potential 
baffling effect induced by the sludge by opening up a path for the water to flow over the sludge. 
This is consistent with results from the previous sub-section showing that sludge accumulation 
reaching closer to the surface leads to a greater baffling effect. 
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CHAPTER 4: CONCLUSIONS4 
Although numerous studies in the past have performed CFD analysis of WSPs, few have 
analyzed the effect of sludge accumulation. Studies exist on the effect of sludge surface 
roughness on the dispersion and hydraulic performance of WSPs (Murphy, 2012). However, the 
impact of the sludge on the advective transport in the pond, that is on short-circuiting, had not 
been investigated until now. The present CFD study, based on physically measured and future 
predictions of sludge accumulation, demonstrates that an increase in sludge volume (depending 
on the sludge distribution or geometry) may improve the hydraulic performance of a WSP by 
inducing a baffling effect. For example, sludge accumulation reaching closer to the surface of the 
water was seen to be beneficial by preventing short-circuiting over the sludge and thus providing 
a greater baffling effect. This is an important benefit because many of these systems are not 
constructed with influent baffles. However, a tradeoff of this benefit is that sludge accumulation 
reduces the treatment capacity of the WSP.  Furthermore, it was found that an increase in water 
surface elevation reduces the baffling effect of the sludge by allowing significant flow over the 
sludge thereby promoting short-circuiting, resulting in decrease in hydraulic efficiency.  
These results demonstrate the importance of performance monitoring and the duration of 
such monitoring given the long-term dynamic impact of sludge accumulation coupled with water 
surface elevation on WSP hydraulic performance. Unfortunately rural water and sanitation 
                                                     
4 Portions of this chapter have been accepted for publication in Water Research, Volume 99, 1 
August 2016, Pages 253-262 (Ouedraogo et al., 2016), and have been reproduced with 
permission from Elsevier B.V. 
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systems in the developing world have proven easier to construct than to maintain (Schweitzer & 
Mihelcic, 2012). 
The important interplay between sludge accumulation and water surface level 
determining hydraulic performance, highlighted in this study, suggests that the creation of a 
future CFD model capable of dynamically calculating the water surface level given a sludge 
distribution/amount and flow rate would be of great benefit. Dispersion caused by sludge surface 
roughness had been previously found to also impact hydraulic performance (Murphy, 2012); 
because sludge roughness is not considered in the present study, further study should be 
conducted to investigate the combined effect and relationship between sludge accumulation and 
distribution, sludge roughness, and water surface level. 
This study found that the distribution of sludge in a WSP is critical for determining its 
hydraulic performance. A better understanding of sludge accumulation could be obtained using a 
more advanced CFD model, such as a liquid-solid two-phase flow model, which would 
dynamically couple and compute sludge distribution and water surface level. An alternative, 
more practical approach would be the use of single-phase CFD as in this study aided by physical 
measurements of sludge distribution in typical (standard) pond configurations. It is 
recommended that operators measure sludge accumulation and pond water surface level over 
long term in standard, commonly used pond configurations. Based on the data compiled, CFD 
may be utilized to evaluate the long-term hydraulic performance of these WSPs throughout the 
various stages of sludge accumulation. This information could be tabulated and provided to 
managers to better determine a desludging schedule that could optimize pond usage and 
performance.  
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Finally, the results obtained here demonstrate the importance of baffling, thereby 
highlighting some of the benefits that could be gained by designing and building WSPs with 
physical baffles. 
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APPENDIX A: NUMERICAL VS EXPERIMENTAL TRACER STUDY 
 
The CFD model under Case II was compared with tracer concentration time series from 
the field measurements of Lizima (2012). As seen in Figure A.1, the primary peak of tracer 
concentration measured in the physical test occurred at 1.5 days after the initial tracer release 
while in the CFD simulation it occurred at 2 days. The tail of the curve predicted by CFD is in 
excellent agreement with the field data from the 3rd through the 12th day, the end of the physical 
tracer study.  
The primary peak of tracer concentration predicted by CFD is higher than the field data. 
One possible reason of this discrepancy is that in the field experiment the primary highest peak 
tracer concentration actually occurred between the third and fourth sampling points (Figure A.1); 
if that were to be the case, then the actual peak of the tracer study would be located between 1.5 
and 2 days in closer proximity to the CFD prediction. Note that the time lapse between the third 
and fourth sampling points in the physical experimental data in Figure A.1 is more than eight 
hours suggesting a higher sampling rate for future field measurements. An appropriate sampling 
rate is identified based on CFD prediction in Appendix B. 
The readers can find the experimental tracer study data in the thesis by Lizima, 2012 at: 
http://scholarcommons.usf.edu/cgi/viewcontent.cgi?article=5556&context=etd. 
Numerical tracer study data for the different cases in this study can be found at: 
www.eng.usf.edu/~aetejada/WSP.  
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Figure A1 Comparison of tracer concentration versus time from field experiment and 
computational fluid dynamics model simulation. 
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APPENDIX B: TRACER SAMPLING RATE ANALYSIS 
 
 Figure B1 shows a set of Residence Time Distribution (RTD) curves obtained using 
numerical tracer study and plotted at different time intervals corresponding to the assumed 
sampling rates. 
 
 
Figure B1 Tracer sampling rate analysis using CFD. 
 
 CFD has been proven to be a reliable tool in the field of waste water treatment using 
waste stabilization ponds (Wood et al, 1995; Wood et al, 1998; Peterson et al, 2000; Salter et al, 
2000; Shilton, 2000; Vega et al, 2003; Karteris et al, 2005; Sweeney et al, 2005; Verbyla et al, 
2013b). Validation of CFD models is a required step in the modelling world that checks the 
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accuracy of the model's representation of the real system. This step assures that the developed 
model can be applied with confidence within the intended use of the model to produce 
satisfactory results. The most reliable and direct way of validating a model is a direct comparison 
of the model results to the experimental field results. In this study, the direct comparison of the 
numerical tracer study to the field tracer study was not feasible due to under-sampling in the field 
tracer study described in Appendix A. In order to avoid under-sampling in potential future field 
campaigns in the pond investigated here, we recommend that field tracer study be conducted 
with a reduced sampling time interval (i.e. 4 hours) compared to the 8-12 hour interval used 
previously (Lizima, 2012). Figure B1 shows comparison of numerical tracer outputs at different 
time intervals (20-sec, 2 hours, 4hours, and 12 hours). For time intervals less than 4 hours we 
notice that the RTDs are practically identical. When the time intervals are increased to 12 hours, 
the tail of the RTD curve agrees with that obtained finer time intervals (20-sec, 2-hr, and 4-hr) 
but the first peek of tracer occurs about half a day later and the tracer concentration is about 25% 
lower. To avoid experimental tracer studies afflicted by such errors, a sampling interval of 4 
hours is suggested, at least for the first 3-4 days to adequately capture the earlier wave of tracer 
exiting at the outlet. This interval can be increased later after the first days since RTD curve tails 
are not rapidly changing. 
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Below is the permission for the use of Material in Chapter 1, Chapter 2, Chapter 3, and 
Chapter 4. 
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